The porosity of platinum nanoparticle aggregates (PtNPs) is investigated electrochemically via particle-electrode impacts and by XPS. The mean charge per oxidative transient is measured from nanoimpacts; XPS shows the formation of PtO and PtO2 in relative amounts defined by the electrode potential and an average oxidation state is deduced as a function of potential. The number of platinum atoms oxidised per PtNP is calculated and compared with two models: solid and porous spheres, within which there are two cases: full and surface oxidation. This allows insight into extent to which the internal surface of the aggregate is 'seen' by the solution and is electrochemically active.
Introduction
Nanoparticles have diverse applications, both fundamental and applied, ranging from electrocatalysis, chemical and biochemical reactions to energy transformation and environmental remediation, due to their very high surface area compared to conventional materials. [1] [2] [3] [4] [5] [6] [7] [8] The high surface area derives from the small geometric size of the particles leading to a high area to volume ratio which for solid spherical particles scales as the inverse of the particle radius. However, in addition, many nanoparticles are themselves composed of many smaller particles aggregated together. This feature gives the nanoparticles additional surface area reflecting the porosity of the individual aggregates and this in turn may lead to changes in environmental adsorption, optical properties and pseudocapacitor performance. [9] [10] [11] [12] [13] [14] [15] [16] Nanoporosities can be probed, traditionally, via ex situ gas adsorption isotherm measurements such as the BrunauerEmmett-Teller (BET) method; molecules, such as nitrogen or argon, are used. Such measurements are invaluable for the application of porous nanoparticles for gas-solid studies, for example in catalysis or sensing, and a careful analysis of the measured absorption isotherm may give insight into the shape and size of the particle pores as well as information about the total surface area covered by the adsorbate probe. Nevertheless when using nanoparticle aggregates in solution, the extent to which the internal surface area of the nanoparticles is accessible to solution and, for example, electrochemically active is an open question and may not reflect insights gleaned from gas-solid BET studies.
In the present study we use the nanoimpacts method to study the electrochemical oxidation of platinum nanoparticles which are themselves aggregates of much smaller particles which have porosities which can be seen but not quantified via transmission electron microscopy (TEM). In the nanoimpacts method [17] [18] [19] [20] individual particles, in this case platinum nanoaggregates, suspended in aqueous solution from time to time collide with a microelectrode under potentiostatic control resulting in their oxidation (or reduction). [21] [22] In the work reported below for the case of platinum particles if a suitably positive potential is applied the formation of surface oxides results. The charge produced reflects the extent of the surface oxidation so revealing the extent to which internal surfaces are electroactive. In the case of platinum, the electro-oxidation is likely to produce both PtO and PtO 2 so complementary XPS measurements are performed to allow the interpretation of the impact data as a function of potential. Finally a comparison is made with similar nanoparticles 'tagged' with a redox active probe 23 but of a relatively large size compared to the species involved in platinum oxides. 
Experimental Chemicals

Drop-Casting Experiments
The GC macroelectrode was modified by drop casting of a stock PtNP suspension (3 μL) onto the surface, which was subsequently allowed to dry under flowing nitrogen prior to experimentation.
Nanoimpact Experiments
An in-house built low noise potentiostat was employed for both potentiostatic control and impact current measurement. 25 Analogue to digital conversion was achieved by connecting a NI USB-6003 data acquisition (DAQ) device (National Instruments, Austin, TX, U.S.A) to a computer interface via USB. The DAQ device was controlled by a script written in Python 2.7, which was run through the IDE Canopy (Enthought, Austin, TX, U.S.A). A low-noise current amplifier LCA-4K-1G (FEMTO, Messtechnik GmbH, Germany) was used to measure the currents at the working electrode (running to ground), which is within a limited output bandwidth of two cascaded passive RC-filters (100 Hz). The outcoming signal was oversampled and converted from analogue to digital at a stream rate of 4 kHz by the DAQ device. A highly stabilized (1 kHz bandwidth) classic adder potentiostat 26 was selected to allow potentiostatic control. It is noted that for the reference buffer, a high quality operational amplifier, LMC6001 (Farnell, Leeds, U.K) with an ultra-low-input bias (25 fA) was adopted; and for the potential control at counter electrode a high quality low-noise operational amplifier, AD797 (Farnell, Leeds, U.K) was employed.
Characterisation
Both stock PtNP and PtNP oxides were characterised via transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).
TEM
The size of PtNPs was determined by TEM (JEOL JEM-3000F FEGTEM; 300 kV accelerating voltage). A drop of the stock PtNP suspension (3.3 × 10 13 particles L -1
) was deposited onto holey carbon grids (Agar Scientific, Stansted, U.K), and samples were dried in air prior to imaging. TEM images were then analysed using ImageJ software 27 (National Institutes of Health, U.S). As shown in Figure 1 (a) and (b), each PtNP was an aggregate of much smaller nanoparticles (about 2.5 nm radius from TEM). In total, 165 PtNP aggregates were sized to give a mean radius of 24.3 ± 1.6 nm ( Figure 1(c) ). This agrees well with the reported value of 25 nm from the manufacturer. To clarify, this size was selected (50nm diameter) in order to guarantee a favourable signal-noise ratio.
XPS
XPS (Thermo K-alpha spectrometer; University College London) was carried out to measure the elemental composition of both PtNP and PtNP oxides. Samples were prepared by depositing a drop of the stock PtNP suspension Please do not adjust margins
Please do not adjust margins Cu). Spectra were analysed using the Thermo Avantage software.
To clarify, in this paper, "PtNP" refers to the platinum nanoparticle aggregate (ca. 25 nm radius), and "small nanoparticle" is the component of a PtNP (ca. 2.5 nm radius).
Results and Discussion
The porosity of PtNPs was established by analysing platinum oxidation using both electrochemical (cyclic voltammetry and nanoimpacts) and XPS techniques. First, cyclic voltammograms (CVs) were conducted; a glassy carbon (GC) macroelectrode was modified by drop casting a PtNP suspension and recording CVs. PtNPs were oxidised at different potentials, and XPS was used to detect different platinum oxides. Second, nanoimpact methodology was employed whereby overpotentials were applied to oxidise the PtNP aggregates and oxidative transients are observed. From these, the number of platinum atoms oxidised was calculated and compared with two theoretical models: a solid sphere, and a completely porous nanoparticle formed by aggregation of a large number of smaller particles. This therefore allows an estimation of the PtNP porosities.
Voltammetry, XPS and nanoimpact measurements
Experiments were conducted to explore the redox properties of PtNPs. First, a GC electrode was modified with stock PtNPs (Drop-Casting Experiments section) before being transferred to an aqueous solution of 10.0 mM HClO 4 and 30.0 mM NaClO 4 .
CVs were recorded and a reductive peak was obtained at ca. Figure 2 . In the absence of PtNPs, no signal was observed (blue dashed line in Figure 2 ), indicating the peak was due to the PtNP oxidation. To clarify, this solution combination is selected to allow comparison with our previous work. 23 Next, XPS was performed to measure the elemental composition of platinum oxides. 7 samples were prepared by drop casting PtNPs on GC plate substrates; CVs were swept and stopped at different potentials from 1.50 to 2.00 V. XPS spectra were recorded in the 64-87 eV region corresponding to elemental platinum. The Pt 4f spectrum was fitted with up to three doublets. The Pt(0) peak was modelled with an asymmetric peak shape to account for the plasmon energy tailing in the metal, as has been observed previously for Pt(0) nanoparticles, 28 while higher oxidation states were modelled with symmetrical Gaussian-Lorentzian convolutions. Pt 4f 7/2 components were found at binding energies of around 71.1 eV, corresponding to Pt(0), and 74.0 eV, corresponding to Pt(IV). [28] [29] [30] An additional doublet was required with Pt 4f 7/2 at around 71.8 eV binding energy, lower than expected for PtO 30 but similar to that reported for partially oxidised PtNPs. [28] [29] These environments cannot be unambiguously assigned to specific chemical species, for example they may be oxides or hydroxides, but are labelled here as Pt(0), Pt(II) and Pt(IV) in order of increasing binding energy. Table 1 and Figure 3 show that as the stopping potential increases, the amount of Pt(0) decreases and both Pt(II) and Pt(IV) increase. This gave an ove- Figure 4 (black line). These are attributed to the platinum oxidation taking place when the nanoparticles make contact with the carbon fibre substrate. No impact spikes were observed in the case of electrolyte only, confirming that the oxidation of the PtNPs is the source of the transients.
V vs SCE, as shown in
The charge passed per transient (Q / C) was found to vary with the overpotential applied and reach a maximum at ca. 1.8 V as shown in Figure 2 (black squares). This is because the PtNPs were increasingly oxidised as the potential increased; at high potentials nonconductive oxide layers were formed on the surface of the nanoparticles, reducing any further reaction. This gave a peak at potential at ca. 1.8 V (vs Ag/AgCl in 1.0 M KCl). The XPS measurements showed the average platinum oxidation state increased consistently as the stopping potential increased to allow a further oxidation, so the reduced activity at high potentials may be related to the formation of PtO 2 .
Calculation of the number of platinum atoms oxidised per PNP aggregate
A total of 482 spikes obtained at various potentials were analysed. A mean charge passed per impact transient (Q / C) was calculated at various overpotentials (Table 2) , 31 which is related to the number of platinum atoms oxidised (N Pt / atom) via the electronic charge (e / C) according to = where n is the number of electron transferred during the process.
Hence the average number of platinum atoms per PtNP aggregate can be calculated at various potentials using the average platinum oxidation state from XPS. These can be further discussed and compared with the results from two simple geometric models (solid or porous spheres, see Figure  6 ), and within each model, two limiting extreme cases will be considered -full and surface oxidation. For full oxidation, all platinum atoms in the PtNP aggregates are oxidised; while for Please do not adjust margins of radius 25 nm; in Model 2, each PtNP (ca. 25 nm radius) was an aggregate of identical small nanoparticles (ca. 2.5 nm radius, estimated from Figure 2(b) ). The number of platinum atoms oxidised can be obtained from both models for full and surface oxidation, and summarised in Table 3 (for details see  ESI) . To note, Model 1 was only calculated as a possible bound and in our experiments the particle was not fully oxidised.
At each potential, nanoimpacts was applied to determine the mean oxidative charge per PtNP; whilst XPS was used to deduce the number of electrons transferred via measurements of the mean platinum oxidation state. The number of platinum atoms oxidised was calculated and compared with the ones from solid (4.3 × 10 6 or 1.2 × 10 5 atoms for full and surface oxidation) and porous (3.2 × 10 6 or 8.8 × 10 5 atoms for full and surface oxidation) PtNP models (Table 3 ). There is a good estimation between the experimental result of peak current at 1.80 V (8.5 × 10
5
) and the predicted value of the porous, surface model (8.8 × 10 5 ), suggesting a significant degree of porosity in the PtNPs used. The small difference may be because that in the process of oxidation, some of the platinum atoms on the surface of small nanoparticles were accessible whilst some were not. This is further confirmed by the TEM images, as clusters of small nanoparticles can be seen ( Figure  1(a) ), but the knowledge of their internal packing was limited. Finally we can compare the results from the oxidation of the porous platinum nano-aggregates with data obtained by the 'tagging' of the platinum surface with the redox active species nitrothiophenol (NTP) which irreversibly adsorbs at platinum. Nanoimpacts using the same NTP tagged platinum particles indicated that ca. 1.5 × 10 5 NTP molecules were adsorbed. value is surprisingly consistent with the number determined from the platinum surface oxidation presented in the paper. Whilst the level of agreement is possibly to some extent fortuitous (approximations include a monolayer of platinum oxides only being formed) the methods both indicate a high level of particle porosity.
This result is significant as it investigates the porosity of nanoparticles using an easy, accessible direct redox process. The in situ methodology can be extended to other electrocatalytic reactions on any other nanomaterials, where the internal structure is essential to understand the full process.
23, 33-37 Table 3 Number of platinum atoms oxidised per PtNP from two models (solid and porous), in the cases of full or surface oxidation.
Conclusions
In summary, PtNP aggregates with an internal structure of many (10 2 - 10 3 ) small nanoparticles can be investigated via direct electrochemical redox reactions. Nanoimpacts were applied, together with XPS, to explore the number of actively oxidised platinum atoms, which were essential in understanding the origin of their redox and catalytic properties.
